Abstract. The expression of microRNA-223 (miR-233) has been investigated in various types of cancer. However, to the best of our knowledge, the expression and function of miR-223 in acute myeloid leukemia (AML) remains to be elucidated. The expression of miR-223 was measured by reverse transcription-quantitative polymerase chain reaction. Following transfection with miR-223, cell viability assays, cell apoptosis assays, western blot analysis and luciferase assays were conducted in AML cell lines. In the present study, it was initially observed that miR-223 was downregulated in AML patients compared with healthy subjects. It was also demonstrated that miR-223 inhibited cell proliferation and enhanced cell apoptosis in AML cell lines. Additionally, the present study provided evidence that miR-223 may directly target F-box and WD repeat domain containing 7 in AML. The identification of candidate target genes of miR-223 may provide an understanding of the potential mechanisms underlying the development of AML. In conclusion, the results of the present study have therapeutic implications and may be exploited for further treatment of AML.
Introduction
Acute myeloid leukemia (AML) is an aggressive malignant disorder of hematopoietic cells that is characterized by clonal proliferation of myeloid progenitor cells and maturation arrest (1) . It is the most common acute leukemia in the adult population, with a median age at the time of diagnosis of 65 years (2) . Previous studies have demonstrated that AML results from mutations in multiple genes involved in cell proliferation, survival and apoptosis (3) (4) (5) . Such changes ultimately result in the activation of cellular signaling pathways that promote cell growth and/or maintain survival, leading to leukemogenesis (6, 7) . Prognostic factors for AML include: Patient age, preceding cytotoxic treatments for a primary disorder, antecedent hematological disease and the presence of specific cytogenetic, molecular and epigenetic aberrations (8) . Treatment of AML has changed little over the past three decades, with curative therapy consisting of the nucleoside analog cytarabine in combination with an anthracycline (9). However, a major complication is that the current drugs are highly toxic and poorly tolerated, particularly by older patients (10) . Therefore, the identification of novel strategies for the treatment of acute myeloid leukemia is urgently required.
Over the previous few years, a novel class of small RNAs, named microRNAs (miRs), has been demonstrated to be altered in AML (11, 12) . miRs are a large family of highly conserved non-coding RNAs with a short single strand of 19-25 nucleotides in length, which have a role in a wide range of cellular processes, including cell differentiation, apoptosis, proliferation and survival signaling pathways (13, 14) . miRs have been demonstrated to negatively regulate gene expression by binding to the 3'untranslated region (UTR) of a target gene's mRNA, thereby degrading or blocking translation (15) . Biological evidence has been observed that certain upregulated miRs in cancer may act as oncogenes, by contributing to the transformed phenotype and suppressing tumor suppressor genes (16) . Furthermore, specific miRs that are downregulated in cancer may act as tumor suppressors, by allowing the expression of oncogenes (17) . In previous years, functional and prognostic studies have demonstrated that miRs have a significant role in hematological malignancies, and certain miRs have been proposed as prognostic markers and therapeutic targets in the treatment of leukemia (18) (19) (20) (21) .
The expression of miR-223 has been investigated in various types of cancer, however, to the best of our knowledge the expression and function of miR-223 in AML remains to be elucidated. In the present study, it was demonstrated that miR-223 was downregulated in AML patients, and overexpression of miR-223 repressed cell proliferation and enhanced cell apoptosis by directly targeting F-box and WD repeat domain-containing 7 (FBXW7). The results of the present study have therapeutic implications and may be exploited for the development of novel treatments for AML.
Materials and methods
Clinical specimens. The present study included 45 patients with AML (28 males and 17 females; age range, 17-73 years) and 20 healthy subjects. All patients were enrolled at the Department of Hematology, Tongji Hospital, Tongji Medical College, Huazhong University of Science and Technology (Wuhan, China), and provided written informed consent. The diagnosis and classification of AML patients were based on French-America-British and World Health Organization criteria combined to immunophenotyping and cytogenetic analysis (22) (23) (24) . All patients were newly diagnosed with AML between June 2011 and September 2013 and were not taking any anti-leukemic therapy at the moment of bone marrow aspirates. The Tongji Hospital's Protection of Human Subjects Committee approved the present study.
Cell culture and transfection. The human leukemia cell lines, HL-60 and K562, were purchased from The Cell Bank of Type Culture Collection of Chinese Academy of Sciences (Shanghai, China). Cells were cultured in RPMI-1640 (Gibco; Thermo Fisher Scientific, Inc., Waltham, MA, USA) supplemented with 10% fetal bovine serum (Gibco; Thermo Fisher Scientific, Inc.), 100 U/ml penicillin G (Gibco; Thermo Fisher Scientific, Inc.), 100 µg/ml streptomycin (Gibco; Thermo Fisher Scientific, Inc.) and 2 mM L-glutamine (Gibco; Thermo Fisher Scientific, Inc.) at 37˚C in a humidified atmosphere containing 5% CO 2 . Cells were routinely subcultured every 2-3 days.
Mature miR-223 and miR negative control (NC) mimics were purchased from Shanghai GenePharma Co., Ltd. (Shanghai, China). The sequence of miR-223 mimic was 5'-UGU CAG UUU GUC AAA UAC CCC A-3'. The sequence of NC mimic was 5'-UUC UCC GAA CGU GUC ACG UTT-3'. For functional analysis, cells were transfected with miR-223 mimics or NC using Lipofectamine 2000 (Invitrogen; Thermo Fisher Scientific, Inc.) according to the manufacturer's protocol.
R NA isolation, reverse transcription and reverse transcription-quantitative polymerase chain reaction (RT-qPCR).
Mononuclear cells from bone marrow aspirate samples were isolated by density-gradient centrifugation (400 x g for 30 min at 20˚C and 100 x g for 10 min at 20˚C) with the use of Ficoll-Paque Plus (GE Healthcare Life Sciences, Uppsala, Sweden) according to the manufacturer's protocol. Total RNA was isolated using TRIzol reagent (Invitrogen; Thermo Fisher Scientific, Inc.) and reverse transcribed to complementary DNA using a PrimeScript RT reagent kit (Takara Biotechnology Co., Ltd., Dalian, China) according to the manufacturer's protocol. An Applied Biosystems ® 7500 Real-Time PCR System (Thermo Fisher Scientific, Inc.) and a SYBR Premix Ex Taq™ kit (Takara Biotechnology Co., Ltd.) were used to perform qPCR. All PCR primers were purchased from Guangzhou RiboBio Co., Ltd. (Guangzhou, China). The cycling conditions were as follows: 95˚C for 30 sec, followed by 40 cycles of 95˚C for 5 sec and 60˚C for 30 sec. Each sample was analyzed in triplicate. The data were normalized to the endogenous U6 small nuclear RNA and fold changes were calculated using the relative quantification method (2 -ΔΔCq ) (25) .
Cell viability assay. Cell viability was determined using the cell counting kit (CCK)-8 assay (Beyotime Institute of Biotechnology, Haimen, China) according to the manufacturer's protocol. Cells were seeded in 96-well culture plates at a density of 4x10 4 cells per well, a total of 24 h subsequent to transfection with miR-223 or NC. The viability of the cells was evaluated following 24, 48, 72 and 96 h of incubation at 37˚C in humidified air containing 5% CO 2 . The absorbance of each well at 450 nm was measured with an enzyme-linked immunosorbent assay reader (Bio-Rad Laboratories, Inc., Hercules, CA, USA). All assays were repeated at least three times.
Cell apoptosis assay. The cells were seeded in 6-well culture plates and transfected with miR-223 or NC using Lipofectamine 2000. Following transfection for 48 h, the cells were harvested and washed twice with phosphate-buffered saline. Following addition of 5 µl of Annexin V-fluorescein isothiocyanate (FITC) and 10 µl of propidium iodide (PI), cells were incubated for 15 min in the dark at room temperature. Cells were subsequently analyzed by flow cytometry (BD Biosciences, Franklin Lakes, NJ, USA). Apoptotic cells were classified as those exhibiting a high Annexin V-FITC fluorescence signal, with a low PI signal. The percentages of apoptotic cells were calculated by data from fluorescence activated cell-sorting analysis and the results were presented as a bar chart. Bioinformatics analysis. TargetScan (http://www.targetscan. org/) was used to identify the potential targets of miR-223.
Western blotting analysis. Cells were lysed in cold radioimmunoprecipitation assay buffer (Beyotime Institute of Biotechnology) containing protease and phosphatase inhibitors and then centrifuged at 12,000 x g for 20 min at 4˚C. The samples (20 µg) were then separated by 10% sodium dodecyl sulfate-polyacrylamide gel electrophoresis and transferred to polyvinylidene difluoride membranes (Beyotime Institute of Biotechnology). The membranes were blocked with Tris-buffered saline containing 0.05% Tween-20 (TBST) (Beyotime Institute of Biotechnology) containing 5% non-fat dry milk for 1 h at room tempera ture, then incubated with primary rabbit anti-human FBXW7 antibody (1:1,000 dilution; sc-33196; Santa Cruz Biotechnology, Inc., Dallas, TX, USA) and primary rabbit anti-human β-actin antibody (1:1,000 dilution; sc-130656; Santa Cruz Biotechnology, Inc.), according to the manufacturer's protocol. The membranes were rinsed with TBST at room temperature and incubated for 1 h with the corresponding horseradish peroxidase-conjugated secondary antibody (Abcam, Cambridge, MA, USA) at room temperature. Protein bands were visualized using an ECL kit (Pierce; Thermo Fisher Scientific, Inc.) and analyzed using Quantity One software version 4.62 (Bio-Rad Laboratories, Inc.).
Dual luciferase activity assay. To determine whether FBXW7 is a direct target of miR-223, the luciferase activity assay vector was used. Cells were co-transfected with wild-type (WT) or mutant (Mut) 3'-UTR of FBXW7, miR-223 mimic or NC using Lipofectamine 2000according to the manufacturer's protocol. A total of 48 h subsequent to transfection, firefly and Renilla luciferase activities were measured using a Dual-Luciferase 
Results

miR-223 is downregulated in AML patients
. miR-223 expression was detected by RT-qPCR in AML patients and normal controls. In the present study, it was demonstrated that miR-223 was significantly downregulated in AML patients compared with healthy controls (P=0.014; Fig. 1 ).
miR-223 reduces cell proliferation and increases cell apoptosis in AML cell lines.
To investigate the effect of miR-223 on cell proliferation, a CCK-8 assay was performed. The CCK-8 assay revealed that ectopic expression of miR-223 resulted in proliferation inhibition in AML cell lines (Fig. 2) . CCK-8 assays revealed that following 96 h of treatment, the suppression rate of miR-223 reached 21.82±3.90% (P=0.026) in HL-60 cells and 25.54±4.20% (P=0.020) in K562 cells. This indicates that miR-223 may be a negative regulator of AML cell proliferation.
Flow cytometry was performed to evaluate the effect of miR-223 on apoptosis. As presented in Fig. 3 , ectopic expression of miR-223 enhanced apoptosis compared with NC in AML cell lines (P=0.017 for HL-60 and P=0.010 for K562).
FBXW7 is a direct target gene of miR-223 in AML.
To identify the target of miR-223 in AML, a public database (TargetScan; http://www.targetscan.org) was used. FBXW7 was predicted to be a target of miR-223 (Fig. 4A) . To verify whether miR-223 directly targeted FBXW7, western blotting was performed to investigate whether FBXW7 was downregulated following transfection of miR-223 into AML HL-60 and K562 cells. As shown in Fig. 4B, FBXW7 was significantly downregulated in AML HL-60 (P=0.024) and K562 (P=0.032) cells following transfection of miR-223.
Furthermore, luciferase reporter assays were conducted. Luciferase reporter assays revealed that miR-223 significantly inhibited the WT (P=0.019 for HL-60 and P=0.270 for K562), but not the Mut luciferase activity of FBXW7 in AML HL-60 and K562 cells (Fig. 4C) . Taken together, these results appear to indicate that FBXW7 is a direct target gene of miR-223 in AML.
Discussion
miRNA-223 has a significant role in a number of types of human cancer. It has been observed to be upregulated in a number of types of human cancer, including gastric cancer (26), glioblastoma (27) , colorectal cancer (28) and lung cancer (29) . Furthermore, Li et al found that gastric cancer patients with lymph node metastasis or organ metastasis demonstrated significantly increased expression of miR-223 (30) . The expression of miR-223 was observed to be upregulated in recurrent ovarian cancer (31) . Specifically, patients with lymph node metastasis or metastatic disease at an advanced pathological stage exhibited significantly higher expression of miR-223 compared with patients without lymph node metastasis or (31) . However, downregulation of miR-223 has been observed in various types of cancer, including osteosarcoma (32), hepatocellular carcinoma (33) and esophageal carcinoma (34) . These previous findings demonstrate that miR-223 may have a vital role as either a tumor suppressor, or as an oncogenic regulator during tumor progression. It may also be useful as a potential biomarker for cancer.
The results of the present study provide evidence that miR-223 is downregulated in AML, which may indicate that miR-223 has a suppressive role in AML. By inducing overexpression of miR-223 in AML cell lines, the present study demonstrated that miR-223 is able to reduce cell proliferation and promote cell apoptosis, additionally suggesting a suppressive role for miR-223. This suggests that miR-223 may be useful in the development of novel therapies for the treatment of AML.
Identification of miR-223 target genes is critical for understanding its role in tumorigenesis. Previous studies have revealed that miR-223 may regulate transcripts in human cells, including erythrocyte membrane protein band 4.1 like 3 (35), septin 6 (36), FBXW7 (37), ataxia telangiectasia mutated (38) , insulin-like growth factor 1 (29), paired box 6 (27) and caprin-1 (27) . In the present study, it was demonstrated that miR-223 may function as a tumor suppressor through downregulation of FBXW7 in AML. miR-223 transfection resulted in decreased cell viability and an increase in apoptosis in human AML cell lines. Therefore, these results may have certain clinical implications in the future.
In addition, a significant molecular link between miR-223 and FBXW7 was observed in the present study. Initially, TargetScan predicted that FBXW7 was a direct target gene of miR-223. It was demonstrated that FBXW7 mRNA contained a miR-223 eight-nucleotide seed match at position 190-197 of the FBXW7 3'-UTR. Subsequently, in the luciferase dual-activity assay, miR-223 directly targeted FBXW7 3'-UTR as predicted by bioinformatics. Finally, it was demonstrated that rescue of miR-223 expression led to downregulation of FBXW7 protein in AML cell lines. Taken together, the results of the present study revealed that miR-223 regulated FBXW7 expression in vitro and may act as a suppressive molecule during AML development and progression. FBXW7, a well-known F-box protein in the SCF E3 ligase complex, determines target specificity by recognizing and binding proteins, leading to their ubiquitination and proteasomal degradation (39) . FBXW7 has been verified to regulate various cellular processes, including cell proliferation, differentiation, cell cycle, migration and invasion, by targeting numerous substrates for degradation (40) (41) (42) . For example, downregulation of FBXW7 inhibits cell proliferation by controlling cell cycle transition via the degradation of crucial cell-cycle regulators, including c-myc (43), Jun (44), cyclin-E (45) and Notch (46) . Consistent with these reports, the present study demonstrated that overexpression of miR-223 had a negative effect on FBXW7 and inhibited cell proliferation, as well as enhancing cell apoptosis. Therefore, the results of the present study establish a functional link between miR-223 and FBXW7, and confirm that miR-223 inhibits AML cell proliferation and that enhanced AML apoptosis is mediated, at least partly, by suppression of FBXW7.
In conclusion, the present study is the first, to the best of our knowledge, to demonstrate that miR-223 is downregulated in AML. It was additionally demonstrated that miR-223 inhibits cell proliferation and enhances cell apoptosis in AML cells. The identification of candidate target genes of miR-223 may provide an understanding of potential mechanisms underlying the development and progression of AML. The results of the present study have therapeutic implications and may be exploited for the development of novel treatments for AML. Future work is required to address the potential of miR-223 as a target for the treatment of AML.
